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ABSTRACT 

A technique t o  i n i t i a t e  a single bubble i s  developed by shooting a laser 

beam, either on a t i n y  spherical thermocouple of approximately .012" 

diameter o r  on a th in  metall ic sheet of ,.-poximateiy .002" thickness. 

The thermocouple i s  immersed i n  a pool  of boil ing water at  various sub- 

cooled temperature, the th in  metall ic sheet i s  a part of  the bottom side 

of the water container. 

couple i s  obtained f o r  different  subcooled water temperatures. 

a t  25,000 frames per second f o r  the i n i t i a l  bubble growth are a lso obtained. 

. 

The temperature his tory of the sphericalthermo- 

Pictures 

\ 

i A bubble can be i n i t i a t e d  around the thermocouple under various subcooled 

water temperatures even as high as 4OoC0 During the i n i t i a l  growth period 

the  sphericity of the bubble i s  quite good and consistent w i t h  other data. 

The i n i t i a l  growth r a t e  of the bubble f o r  the duration of the f i rs t  300 micro 

seconds seems t o  agree consistently f r o m  the  c l a s s i ca l  predictions. 

proportional to the  square root of the  time. 

It is' 
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INTRODUCTION 

i n  nucleate boiling are based on Most experimental investigations 1,2,3,4 

the study of high speed photographs of many bubbles generated i n  a pool of 

saturated or  subcooled l iquids.  

hundreds i s  chosen t o  be analyzed, the growth r a t e  during and after the 

i n i t i a l  growth shape may be correlated-with some important parameters, 

such as surface tension, viscosity,  i ne r t i a ,  the  surface condition of the 

heating surface, etc.  d e a t  t ransfer  may a l so  be evaluated under various 

conditions. 

Usually one par t icular  bubble out of 

Most analyt ical  r e su l t s  5y6,7j8 are  considering the  bubble t o  be perfect ly  ' !  

spherical, then the  Rayleigh o r  extended Rayleigh equation i s  t o  be ,solved 

t o  give the  dynamics of the  bubble growth i n  terms of various parameters 

such as surface tnesion, viscosity,  and. i ne r t i a ,  e tc .  

may also be writ ten f o r  the  bubble t o  evaluate the  r a t e  of heat transfer.- 

Heat balance equations 

Ultimately the  analyt ical  and experimental r e su l t s  are t o  be correlated 

such tha t  the  basic important parameters can be t i e d  in to  the  boiling heat 

$ransfer and the  bubble growth dynamics in to  deduced usable forms fo r  

prac t ica l  applications. 

The assmption of the sphericity of the generated bubbles i n  conventional 

boiling, namely, the bubbles generated from the  heated f la t  surface, i s  

not a t  a l l  very good, especially during the i n i t i a l  growth phase of the 

bubble, t h i s  i s  due t o  the character is t ics  of the heating surface. Further- 

more, t he  single bubble chosen t o  be analyzed as i n  the experimental r e su l t s  

does not represent a single bubble i n  an undisturbed large medium of the 

l iquid.  The hydrodynamics of one bubble i s  cer ta in ly  influenced by the 

presence of many other bubbles generated before it as i n  the  case of' the  

conventional boil ing,  

1 
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8. APPROACH OF THIS STUDY 

It i s  the  intention of t h i s  study t o  generate a single spherical bubble 

by the use of a laser  beam i n  an undisturbed l i qu id  medium where the  

hydrodynamic influence of other bubbles i s  absent. 

t ions of the bubble growth, par t icu lar ly  the i n i t i a l  growth phase, may 

be obtained by different  subcooled conditions, energy inputs and eventually 

Experimental observa- 

various l iquids ,  through high speed photography of single bubble growth. . 

If the spherici ty  of the growing bubble i s  good, the observed experimental 

growth r a t e  may be compared t o  the  analyt ical  r e su l t s  which are based on 

the analysis of a spherical single bubble w i t h  no consideration of hydro- 

dynamic influence of other bubbles. 
\ f l ,  

, 

In  order t o  maintain a spherical geometry, a spherical  thermocouple of 

approximately .012" diameter was formed by welding two .003" iron-constantan 

wires together. The thermocouple leads were connected t o  the oscilloscope 

such tha t  the  milivoltage output versus time can be traced a f t e r  the l a se r  

beam h i t  the junction, thus the temperature his tory of the thermocouple i s  

recorded. 

- 

I 

The motive of t h i s  instrumentation i s  t o  provide a means of 

measuring the  heating surface temperature i n  addition t o  the  spherical 

geometry. 

evaluated quantitatively.  

.O25" distance apart from the first one which was h i t  by the l a se r  bean, 

(the thermocouple leads are  a lso connected t o  the oscilloscope) t h i s  

provides a means of measuring the temperature i n  the neighborhood of  the 

interface between the  vapor and the  l iquid.  

boundary layer thickness around the  interface may be evaluated. 

A single bubble was i n i t i a t e d  on a th in  f la t  metal p l a t e  which w a s  a cent ra l  

The r a t e  of heat t ransfer  t o  the  bubble, hopefuliy, may be 
I 

I 
A second thermocouple was ins t a l l ed  about 

Hopef'ully, the thermal 

pa r t  of the  bottom p la t e  of the  l iqu id  container by the  use of a l a se r  beam 

2 
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h i t t i n g  the  th in  p la te  from underneath. 

about a distance of .O3O" above the t h i n  p l a t e  i n  the hope of measuring 

the temperature of t he  vapor i n  the bubble and also the  temperature i n  

the neighborhood of the interface of the vapor and the  l iquid.  

A thermocouple was ins t a l l ed  

4 

Although some quantitative measurements have been made, these only repre- '  

sent a rather  qual i ta t ive picture  of a l l  experiments and serve as more or 

l e s s  a prelude of f'uture research. 

f e a s i b i l i t y  of  the i n i t i a t i o n  technique of a single bubble, preferably, 

spherical, by the use of a laser  beam. 

The emphasis right now' i s  t o  see the 

Ultimately i n  the future,  

quantitative analysis are t o  be considered f o r  many different  conditions. 

INSTRUMENTATION AND EQUIPMENT 

A boi le r  chamber consisting of a one-half-inch thick aluminum bottom p la t e  

containing a heating element and six-inch square glass  sides was constructed 

f o r  purposes of th i s  study. A raised center section provides fo r  the 

ins ta l la t ion  of special  thermocouple f ixtures .  A l aser  microposition 

was designed and fabricated t o  be attached t o  the underside of the chamber 

t o  permit accurately positioning the  l a se r  with respect t o  the  thermocouples. 

The set-up i s  shown i n  Figure 1. 

The laser  

joule at  a wavelength of 6943 angstroms. 

i s  a Hughes model 200 ruby with an output energy of about one 

The output energy caa be varied 

- 

by varying the f i r i n g  voltage. A t  1350 volts  the output i s  maximum at  

about one joule. 

at about 900 vol t s  at room temperature. 

The threshold voltage, where the laser  j u s t  operates, i s  

The output varies from zero t o  
9 

one joule as the excitation voltage i s  changed from 900 t o  1350 volts.  The 

laser  output . i s  quite sensit ive t o  ambient temperature, and s l igh t  varia- 

t ions i n  output from shot t o  shot are  not uncommon. It appears that  it 
I 

would be advantageous t o  provide temperature control and power monitoring 





f a c i l i t i e s  f o r  future  work. 

The thermocouple output voltage was amplified by a s e t  of six Kintel D.  C .  

arnplif iers and recorded photographically with a Tektronix type 547 oscilloscope 

equipped with' a Polaroid oscilloscope camera. 

'was f i l t e r e d  with a single stage R-C f i l t e r  t o  eliminate frequencies higher 

than about 5000 cycles. 

-3 
The input t o  the  oscilloscope 

The oscilloscope was triggered a t  the.same time 

the laser  was f i r e d  by means of  a t r igger  pulse derived f romthe  laser con- 

t r o l  system. The oscilloscope and amplifiers are shown i n  Figure 2. 

A Beckman &Whitley Dynafax camera was used t o  photograph the bubble growth* 

The camera was operated a t  25,000 frames per second with an exposure time 

of S.25 microseconds per frame. Illumination was provided by means of a 

- xenon f lash  tube mounted i n  a parabolic ref lector .  The f lash  tube was 

A shadowgraph i s  placed behind the  chamber t o  back l i gh t  the bubble. 

then obtained with sharp edges which can be accurately measured t o  

determine growth ra te .  

A view of the en t i re  control system i s  shown i n  Figure 3. 

The camera-chamber setup i s  also shown i n  Figure 1. 

. .  

Test photos indicated tha t  the f lash  lamp exposes 5 frames pr ior  t o  i n i t i a t i o n  

of the laser .  

a t  peak power. 

frames. 

I 

The laser  beam-is then on f o r  about 20 frames when operated 

Most of the  energy i s  delivered within the  f i r s t  8 o r  10 

Thus it may be assumed tha t  the oscilloscope t race  s t a r t s  between 

the f i f t h  and s ix th  frame of the dynafax record. Test shots made t o  deter- 

mine l a se r  operating time were on Eastman #2475 fi lm, Test runs were made 

on T r i - X  film, which i s  insensit ive t o  the  l a se r  l i gh t .  

EXPERIMENTAL RESULTS AND DISCUSSION 

Experimental Conditions 

A number of experimental runs were made under various conditions t o  determine 

the f e a s i b i l i t y  of using the  l a se r  system described previously f o r  i n i t i a t i n g  

I 

- 

- 5  



, . .  .- I .  Y ~ _.(,.- . ,. . . . . . .* ., . 

Figure 2. Oscilloscope and Amplifiers 
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a single bubble. 

i n  the approach of the study a l l  i n  subcooled water, 

The experiments were performed under conditions as s ta ted '  

Various conditions for 
L 

. 

a number of experimental runs are l i s t e d  i n  Table I. 

Run No, 

Laser Voltage 

TABLE I. Conditions f o r  Experimental Runs 

7 8 9 10 11 2A 3A 4A 5A 1B 1B 
0 .  

, 1200 1200 1200 1200 1,200 1050 1100 1150 1200 1350 1200 

7 8 9 10 11 2A 3A 4A 5A 1B 1B 
0 .  

, 1200 1200 1200 1200 1,200 1050 1100 1150 1200 1350 1200 

Water Temperature 94 go 85 80 70 94 94 94 94 94 94 

T. C., OF 565 225 225 225 T.C. 
Broken 

Typical bubble growth pictures  of the f irst  12 frames are shown i n  Figure 4 

through 6. 

of 480 microseconds duration. 

The 12  frames represent the  i n i t i a l  growth phase i n  a time period 

Figure 4 shows tha t  a single bubble grew around a thermocouple junction after 

h i t  by the l a se r  beam. 

and the  l a se r  voltage was 1150. 

The temperature of the  water bath was kept a t  94OC 

The picture  represents t he  experimental 

run &A. 

i s  qui te  spherical  i n  shape except f o r  the first two frames where one s ide 

of t he  bubble i s  somewhat out of shape. 

ra ther  slow pace a f t e r  the  12th frame. 

begins t o  be oblong i n  shape and stays at about the same s i ze  a f t e r  the  

34th frame. 

The sequence of the bubble growth clea$ly shows t h a t  t he  bubble 
- 

The bubble keeps growing at  a 

After the 22nd frame the bubble f 

Corresponding t o  the  conditions se t  for th  f o r  Figure 4, or  the  experimental 

run 4A. 

the thermocouple h i t  by the l a se r  beam and the  temperature t race  of the  

second thermocouple about ,025-inch distance apart  from the first one. 

The peak temperature of the  first thermocouple i s  about 565OF with 5 mv. 

Figure 7 shows the  pbloroid picture  of the temperature t race  of 

\ 
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per em. scale. This should represent the surface temperature of t he  

thermocouple, 

80 percent of  the peak value takes about one millisecond, the  time 

sca le . for  the  abscissa being .5 milliseconds per cd. 

sidered as the  time delay due t o  conduction through the  junction. 

The temperature r i s e  from the water temperature t o  about 

This m a y  be con- 

For 

a very crude calculation the  time lap  seems t o  be i n  the  r igh t  order. 

After the peak value the temperature does not seem t o  dro2 rapidly. 

This may show tha t  the vapor i n  the  bubble i s  a poor thermal conductor. 

In  the  f'uture, the heat t ransfer  problem of the vapor may be analyzed 

t o  correlate  w i t h  the  experimental measured temperature history.  

Figure 5 shows the  i n i t i a l  growth sequence of a single bubble around a 

thermocouple junction after being h i t  by the laser beam under the  condi- 

t ions of experimental run 10. 

at 8OoC, and the  laser  voltage was maintained a t  1200 vol ts .  

grows at a rather fast pace during the first few frames, but it begins 

The temperature of the water was kept 

The bubble 

t o  shrink a f t e r  the 4th frame and becomes ablong i n  shape after about the . .  

10th frame, After about the  16th frame the bubble begins t o  be unstable. 

This shows that the higher degree of subcooling tends t o  collapse the  

bubble as it should, although the s t a t e  of the collapsing the bubble was 

not obtained due t o  the  high speed chosen. The temperature t r ace  of t h e ,  

second thermocouple does not shows any changes, t h i s  i s  due t o  the distance 

between the two thermocouples i s  larger  than .025-inch so tha t  t he  bubble 

did not reach the  second thermocouple. 

4 

Corresponding t o  the conditions s e t  fo r th  f o r  Figure 5, the  temperature 

t race of the f irst  thermocouple junction was obtained as shown i n  the 

Polaroid picture  of Figure 8. The trend of the  temperature rise of the 

- 
- 13 



first thermocouple i s  about similar t o  that f o r  Figure 7. The peak 

temperature i s  about 225'F w i t h  5 mv. per cm. scale.(The t i m e  scale 

i s  1 millisecond per cm f o r  the abscissa,) 

the second thermocouple shows a r i s e  of peak value i n  the order of 

about .4 mil l ivol ts ,  which corresponds t o  a temperature rise of about 

15OF with a scale of .5 mv. per cm. 

data are taken t o  give any quantitative analysis of t he  thermal boundary 

The temperature trace f o r  

I 

Up t o  this moment, not enough 

layer thickness around the interface between the vapor and the l iquid.  

In  the future,  hopef'ully, th i s  information m y  be obtained experimentally. 

According t o  the  l i t e r a tu re ,  th i s  boundary layer thickness i s  of the  

order of ,006 inches. 

Figure 6 shows that a single bubble was i n i t i a t e d  on a f lat  th in  metal 

p la te  corresponding t o  the  conditions of experimental run lB i n  a water 

pool of 94OC, the laser voltage was 1350 volt .  The non-sphericity of 

the bubble during i t s  i n i t i a l  growth period i s  not as bad, although from 

about t he  10th frame there ex is t s  contact angle between the  bubble and 

the metal surface, thus the  bubble deviates from the spherical shape. 

As the bubble grows larger ,  up t o  about the 18th frame, t he  bubble tends 

t o  be crown shaped rather  than the spherical, 

s t i l l  maintains a good spherical  shape. 

lar t o  those bubbles produced by the  conventional boil ing process. 

The top pa r t  of the  bubble 
L 

The bubble shape seems t o  be simi- 

Figure 9 shows a polariod picture  of the  temperature obtained fromythe 

chromel-constantan thermocouple junction of about .004 inches i n  diameter 

with .OOl-inch diameter lead wires, placed about ,030 inches above the - 

plate. '  The peak temperature shows about a 19OF temperature r i s e  w i t h  a scale 

of 0.2 mv. per cm. and a time scale of  lmi l l i second i n  abscissa., The 

temperature seems t o  s tay at  a constant level ,  presumably the  vapor temperature. 



BUBBW GROWTH RATE 

The radius of the  bubble was measure 

by frame basis. These are p lo t ted  i 10 t hough  14, 

Figure 10 represents the i n i t i a l  grawth of the  bubble around a the-rmocoup 

junction for  experimental runs 2A, 3A, 4A and 5A. 

an enlarger on a frame 

The i n i t i a l  growth 

r a t e  of the bubble i s  f a s t e r  f o r  a higher laser voltage or  l a s e r  energy, 

the r e su l t s  give a consistent.trend. 

Figure 11 shows the i n i t i a l  growth of the bubble from a f la t  p l a t e  f o r  

experimental runs 3B and 3B at  two d i f fe ren t  energy inputs. It is  also 

consistent t o  see that  the bubble grows f a s t e r  i n  the  i n i t i a l  phase fo r  

a higher energy input. 
* 

Figure 12  shows that i n i t i a l  growth within the  f irst  320 microseconds 

of the experimental runs 2A, 3A, 4A, 5A, LB and 3B p lo t ted  against the  . 

square root of time. 

follow a s t ra ight  l i n e  r e l a t ion  as predicted i n  the l i t e r a tu re .  

It i s  in te res t ing  t o  see that most of the  r e s u l t s  

Figure 13 represents the i n i t i a l  growth of a single bubble around a 

thermocouple junction f o r  the experimental runs 7, 8, 9, 10 and 11 at 

various, subcooled temperatures. 

obvious tha t  the  bubble grows l e s s  f o r  a higher subcooled temperature 

o r  lower water temperature. 

. 
After about 200 microseconds it i s  

Figure 14 shows that t he  i n i t i a l  growth r a t e  p lo t ted  against t he  square I 

root of time also f o l l o w s  a  ine em re la t ion  f a i r ly   we^ 

In  general, t h e  experimental r e s u l t s  are qui’te consistent i n  trends. They 

do give reasonable qua l i ta t ive  r e su l t s  as well  as p a r t i a l  quantitative 
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resu l t s .  As  more sophisticated instrumentation i s  developed i n  the 

future,  a much more quantitative analysis will give be t te r  answers t o  

the basic problem of bubble dynamics and boiling heat t ransfer .  

CONCLUSIONS 

In  conclusion, the i n i t i a t i o n  of a single bubble by the use of a l a se r  

be'am i s  feasible .  The sper ic i ty  of a single bubble i s  reasonably good. 

The growth r a t e  during the i n i t i a l  stage of the bubble growth i n  the 

order of 300 microseconds seems t o  follow a l inear  re la t ion  w i t h  the  1 

square root of time as predicted i n  the l i t e r a tu re ,  although a t  t h i s  

stage of the study the instrumentation may not be sophisticated t o  give 

a precise quantitative resu l t .  

FUTURE STUDY 

I n  the  future ,  the techniques of temperature measurements are t o  be 

improved, more experiments are t o  be conducted t o  obtain good reproducible 

runs under various conditions, par t icular ly  various l iquids  of different  

viscosi ty  and surface tension are t o  be,considered such t h a t  the e f fec t  

of the surface tension and viscosi ty  may be singled out. I n  the mean 

time the analyt ical  solution of bubble dynamics and heat t ransfer ,  

including viscosity,  may be obtained. 

runs and analyt ical  solutions are t o  be considered. 

The correlation between experimental 
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